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COMPARISON OF THE WEIGHT LOSS AND ADHERENCE OF 
9 DIFFERENT POLY IMIDE FILMS THERMALLY ACED 
AT 315o c AND 35 qo c IfJ A[R 
Robert L. Fusaro 


SUMMARY 

Thermal exposure experiments were conducted at 315 ° r and 3 Sno r 

tt nr i ch „° £ °;r iicute,ic w«* «r£ M c r.:; d o^owd%. 

Che most thermally stable and adherent when subjected to lone exnosure 
times at elevated temperatures. The films (of various weights an5 P 

b\ 5 TTl ?. o e ;?c appUet V'° 304 St f inle8s Stepl foiis of dimensions 6.3 cm 
at i o ' V C "‘ a ‘ ,d ex ' u ' 3ed in air for durations up to 766 hours 

film w Pi h r UP t0 213 350 ° C ‘ Ic was found that the rate of 

as film wei hr* 3 W3S C °" stanc ,'' ith time for both exposure temperatures, and 
weifhr 1 8 lncrea «ed so did the rate of film weight loss Thus th^ 

was constant WJS rr re h ? riented than SUrface oriented > since surface area 
was constant. The weight loss rate at 350° C was found to be about 5 

times the weight loss rate at 315° c for all polyimide types. 

The polyimides were ranked according to the rate at which thev lost 

“ dt8 ; . T CO “ 0rst - Ic “ as chat there were Hve grols 

r u' P f ^ lml e> esi gnated PlC-< , was found to be the most thermally stable* 

. erefore it was ranked in group 1. in group 2 are PIC-2 PIC-3 PIC S 
Ptm-u; in group 3 t, PIC-1; in group « fa pfc-n and £-<, ik group’s fa 

Even though polyimide type PIC-7 was the most thermally stable its 

P e-re" d P pT2 tle A 'J' 1008 i h i8h tem P ertu - exposures wejnot as goo as 
we re ^ascertained rl aS f . adhe ^ e was co ^erned, three different groups 

gtol wtte nc! 3 PIC- a PIC_5 3nd PIC - 2; in the s «°nd 

Pic a ptc f. j n ic and P ^ and in the third group were PIC-1 
PIC 4 * PIC ' 6 * and PMR ~ 15 - Th * adherence of group 3 waf vety potr 


INTRODUCTION 


It has been shown in previous work (refs. 1 and 2) that 
po ly inude-bonded graphite fluoride films have potential for solid lubHrmr 
applications where long thermal soaks are prevalent. Low weight loss eood 

the™ 1 ??’ and . 8 ° 0d frictlon at »d wear properties were found for films ’ *' 
thermally aged at temperatures up to 315° c. 

Polyimide is a generic designation and refers to a class of lone .h.in 

ttain erS R W " ecurrin * imide 8 rou P £ as an integral part of thf mai^ 

chain. By varying the monomeric starting materials, polyimides of different 
chemical composition and structure can be obtained. X ifferent 
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In previous friction and wear studies (refs. 1 to 9) a commercially 
available polyimide designated PI-4701 was used. There are now several 
other commercial polyimides available. In addition, two promising 
polyimides have been developed at NASA-Lewis Research Center (refs. 10 to 


14). 


The objective of this investigation was to determine which of those 
polyimides was the most thermally stable and most adherent at elevated 
temperatures. 

Seven different commercially available polyimides were avaluated, they 
were designated as PIC-1 to PIC-7. PIC-1 was the polyimide used in previous 
investigations (refs 1 to 9). Two NASA polyimides were also evaluated which 
were designated PMR-15 and PMR II. The films were exposed at temperatures 
of- 315° C ( 599° F) or 350° C (662° F) and weight loss ant’ adherence 
were determined for various exposure times. 


MATERIALS 

The polyimides used were obtained as precursor solutions. In most 
instances a thinner consisting of N-methy 1-pyrro lidone and xylene was added 
to the polyimides to make them sprayable. Nine different types of 
polyimides were evaluated, seven condensat ion- type polyimides and two 
addition-type polyimides. The chemical composition and structure of 3 of 
the condensation polyimides were proprietary. They are designated in table 
I as polyimide types PIC-1 to PIC-3. The structure of the other two 
polyimides was known and are shown in figures 1 and 2. They are designated 
as polyimide types PIC-6 and 7 in this investigation. 

The additive-type polyimides were developed at NASA-Lewis Research 
Center (refs. 10 to 14). They are designated as PMR-15 and PMR II. The 
monomers used in the synthesis of these polyimides are shown in tables II 
and III. 


The polyimide which was used previously by this investigator is 
designated in this study as PIC-1. 

The films were applied to 304 stainless steel foils (6.3 by 5.1 by 
0.013 cm) that had a hardness of Rockwell B-87. 


PROCEDURE 

Surface Preparation and Cleaning 


The foil surfaces were roughened by sanding with number 150 wet sand 
paper to a cla roughness of 0.25 to 0.36 micrometer. After surface 
roughening, the foils were scrubbed with a brush under running tap water to 
ensure that no abrasive particles remained. A water paste of levigated 
alumina was next rubbed by hand over the surface with a polishing cloth. 
This was followed by a second scrubbing under running tap water. The foils 
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we iv rinsed in distilled water and clean, dry compressed air was then used 
to quickly dry the surfaces. The foils were stored in a desiccator until 
thev were coated with the solid lubricant. 

Film Application and Cure 


An artist's airbrush was used to apply the polyimide films to the 
foils. The films did not dry rapidly; thus, only a thin layer was applied 
at one time in order to prevent "running". F.ach layer was completely cured 
before the next layer was applied. The cure was to heat from 25° C to 
75° C in 1/2 hour, heat from 75° C to 125° C in 1/2 hour, heat from 
125° to 175° C in 1/2 hour, heat from 175° C to 225° C in 1/2 hour, 
and heat from 225° C to 300° C in 3/4 hour then hold at 300° C for 1 
hour. Tile films were weighed after each cure to determine if another layer 
was necessary to achieve the desired weight. 

The polyimides used in this study are not normally applied as chin 
films, thus the curing procedure (as given by the manuf acturer) was not 
fully specifieo. The basic curing theory is to drive the H 2 O and solvent 
out of the pre cursor solution at a low temperature before polymerization 
takes place at a higher temperature. Polyimerization is time and 
temperature dependent. The higher the temperature, the shorter the time 
needed to achieve the same degree of polyimerization. In previous studies 
on PIC-1 polyimides (refs. 1-9), the cure procedure was to bake at 100° C 
for 1 hour and at 300° C for 2 hours. This cure did not work on PIC-7 
polyimide; the films were found to be cracked and blistered. To obtain a 
good film with PIC-7 polyimide, it was necessary to raise the temperature 
more slowly from room temperature. Thus the previously mentioned cure 
schedule was devised to obtain good PIC-7 films. The same cure was tried on 
the six other condensation polyimides and good films were also obtained. 
Therefore the previously mentioned cure schedule was used as the standard in 
C 1 1 ; S S Z l 1 'J V . 


Thermal Aging Tests 


i lU . :i;onnal aging tests were conducted at. temperatures of 315° C 
( 3V9° p) and 330° C ( 662° F). At various intervals they were taken 
out or l ho oven, 'let cool for 13 minutes, and weighed to obtain a weight 
loss. Cooling time was kept to a minimum, so such variables as water 
absorption could be kept to a minimum. The foils were aged for as long as 
766 hours at 315° C and 213 hours at 330° C. 


Adherence Tests 


The adherence tests were performed on the films applied to the foils 
before and after thermal aging. They consisted of simple bending and 
flexing tests of the foils. The foils with applied films were repeatedly 
flexed and bent by hand to various degrees and then observed under optical 
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microscopy tor c racking, 
t lie i i 1 ms lo spall. 


In many instances thermal exposure alone caused 


RESULTS AND DISCUSSION 


Film weight loss at 315° C 

Nine different types of polyimides (table I) were thermally exposed in 
air to temperatures of 315° C for time intervals of up to 766 hours. In 
addition to comparing the rate of weight loss of the various polyimides, the 
effect of total film weight on the amount of weight loss was also 
investigated. The weight loss rates of at least 4 different film weights 
for each polyimide were determined. 

Figures 3 to 10 give polyimide film weight losses at 315° C as a 
function of exposure time for the nine different types of polyimides. The 
figures illustrate that the rate of film weight loss was constant for all 
the films regardless of film weight. 

A linear regression fit (least squares) of the film weight loss data 
points (for each exposure test) was made to obtain weight loss rates. Table 
IV compares these film weight loss rates for the nine polyimide films 
relative to film weight ranges of 0.0100 gm. As a general rule, the heavier 
the film, the greater the film weight loss rate. 

Table V compares the same data of table IV, but in terms of precent 
film weight loss per hour. When looked at this way, it is seen that the 
percent of the film lost per hour is either constant or decreases slightly 
as a function of increasing weight. Thus it appears the weight loss of 
polyimide films is bulk oriented as well as surface oriented, since the 
surface area was constant. 

The fact that most of the weight loss curves of figures 3 to 10 do not 
pass through zero of the y-axis indicates a considerable amount of water and 
or other volatile constituent was liberated from the films during initial 
heating at 313° C, In general, the heavier the film, the greater the 
weight loss. For most of the films, the water (or other volatile 
constituent) tended to be released in less than 24 hours of exposure; but 
for polyimide type PIC-3, it took up to 100 hours. 


Water vapor absorption of the polyimide films was so intense that the 
foils could not be weighed as they were taken from the oven. The films 
constantly gained weight and a reading could not be made. It was found that 
by waiting 13 minutes before weighing that the absorption rate had decreased 
enough to allow a stable reading to be made. Therefore a standard waiting 
period of 15 minutes in room air was employed between oven removal and 
weighing of the specimens. 
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Film Weight Loss at 330° 


Only the seven condensation polyimides were evaluated at 350° C. 
Figures l l to 17 give the weight loss of these polyimides as a function of 
exposure time at 350° C. As found for exposure temperatures of 315° C, 
cne race of film weight loss was constant for all polyimides. 

Table VI compares the film weight loss rates in terms of the film 
weight lost per hour, and table VII compares film weight loss in terms of 
percent film weight lost per hour. As found for the films exposed to 315® 
C, the heavier the film, the greater the amount of weight lost; but the 
percent of film weight lost per hour either decreased or remained the same. 
This again implies the weight loss is bulk oriented as well cs surface 
oriented. 

As found for the 315° C exposure tests, many of the weight loss 
curves for exposure temperatures of 350° C (figs. 11 to 17) do not pass 
through the zero of the y-axis, which again indicates a considerable amount 
of H 2 O (or other volatile constituent) was liberated during initial 
exposure. In some cases, the rate of H^O (or other volatile constituent) 
weight loss was small compared to the polyimide film weight loss and thus 
the curves tend to pass through zero for those polyimides. 

Comparison of Weight Loss Rates 


Table VIII compares the percent weight loss rates for the nine 
different polyimides evaluated at 315® C and 350® C. For all the 
polyimides the weight loss rate at 350® C was about 5 times greater than 
at 315° C. But the relative ranking of the polyimides, as far as thermal 
stability is concerned, is the same at 315® C and 350® C. 

According to thermal stability, the polyimides might be divided into 
five groups. In group 1, there is one polyimide: PIC-7. This polyimide 
was the most thermally stable. The weight loss at 315® C was 0.025 + 

0.009 percent per hour and at 350® C was 0.13 + 0.04 percent per hour. In 
group 2, the second most thermally stable polyimides, there are 4 
polyimides: PIC-2, PIC-3, PIC-5, and PMR-II, at 315® C, the weight loss 

rates were: PIC-2, 0.042 + 0.011; PIC-3, 0.042 + 0.017; PIC-5, 0.043 + 

0.014; and PMR-II, 0.036 percent/hour. (Only one PMR film was available for 
evaluation). At 350® C, the weight loss rates were: PIC-2, 0.20 +_ 0.07; 

PIC-3, 0.20 + 0.10, and PIC-5 0.27 ♦ 0.08 percent/hour. PMR II was not 
evaluated at 350° C. 

In group 3 there is only one polyimide: PIC-1. This is the polyimide 

that has been used in previous studies (refs. 1 to 9). The weight loss of 
PIC-1 at 315® C was 0.053 ♦ 0.014 percent/hour while at 350® C it was 
0.26 + 0.03 percent/hour. 

In group 4 are PIC-4 and PIC-6. The weight loss of PIC-4 was 0.087 + 
0.015 percent/hour at 315® C and 0.34 + 0.03 percent/hour at 350 n 
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The weight loss of PIC-6 at 315° C was 0.079 + 0.030 percent/hour and at 
350° C was 0.40 + 0.15 percent/hour. 

The film which gave the largest weight loss was PMR-15 and might be 
considered as group 5. The weight loss at 315° c was 0.175 percent per 
hour. Only one PMR-15 film was available for evaluation. 

Adherence of the Films 

The adherence of the films was evaluated by simple bending tests both 
before and after thermal -vposure to temperatures of 315° C and 350° C. 

The bending tests aid no* "suse the films to spall; however the long thermal 
soaks did cause somt- of fil'is to blister and spall, both at 315° C and 
350° C. 

Table IX gives the exposure times when cracking and spalling of the 
films occurred at 315° C and table X gives the same information for 350° 

C. No cracking or spalling at 315° C was observed for 5 of the films: 

PIC-2, PIC-3, PIC-5, PIC-7, and PMR II. The other 4 showed some form of 
cracking or spalling. The trend was that the thicker the film, the sooner 
these cracks and spalls occurred. 

At 350° C, cracks were found to occur in each type of polyimide; 
however in some individual cases no cracks were found. The most adherent 
polyimide at 350° C was PIC-5. Of the six, PIC-5 films evaluated at 
350° C, only a small amount of cracking was observed in one corner of one 
foil after 184 hours of exposure. The next best was PIC-2. Of the six 
PIC-2 foils evaluated at 350° C only two showed fine cracking. No spalls 
were observed to occur in either PIC-5 or PIC-2. 

Even though PIC-7 gave the lowest weight loss rates, it was not the 
best as far as adherence was concerned. Only one of the four PIC-7 films 
evaluated at 350° c did not crack or spall and that was the thinnest 
film. Equivalent results were found with PIC-3. Two of the four PIC-3 
films evaluated at 350° C cracked and spalled. The other three polyiraides 
evaluated, PIC-1, PIC-4, and PIC-6 all experienced severe cracking and 
spalling at 350° C, and are not considered good candidates for use when 
long thermal soaks are prevalent. 


CONCLUDING REMARKS 


Nine different polyimides were evaluated at 315° C and 350° C to 
determine which were the most thermally stable and which were the most 
adherent after long duration high temperature soaks. It was concluded the 
polyimides could be arranged into five different weight loss groups and 
three different adhesion groups. Table XI classifies the polyimides as to 
groups. 

From the weight loss and adherence considerations, it was concluded 
that the polyimides of groups 1 and 2 (from both weight loss and adherence 
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categories) are the most suitable for high temperature applications. That 
is, polyimide types PIC-2, PIC-3, PIC-5, PIC-7, and PMR-II (not necessarily 
iiv that order) are the most promising. 


SUMMARY OF RESULTS 


Thermal exposure experiments at 315° C and 350° C on nine different 
types of polvimides indicate that: 


The polyimides can be arranged into five different groups (from 
best to worst) relative to weight loss rates. 


(a) 

Group 

i 

PIC-7 

(b) 

Group 

2 

PIC-2, PIC-3 

( c) 

Group 

3 

PIC-1 

(d) 

Group 

u 

PIC-4, PIC-6 

( e) 

Group 

5 

PMR-15 


2. The polyimides can be arranged into three different groups as far 
as adherence is concerned (from best to worst). 


(a) 

Group 

1 

PIC-5. 

PIC-2 

(b) 

Group 

2 

PIC-3, 

PIC- 7 

(c) 

Group 

3 

PIC-1, 

PIC-4 


Weight loss rates were found to be constant with exposure time and 
the rate of weight loss increased about 5 times in going from 
315° C to 350° C. 


All polyimide films were found to contain large amounts of water 
vaper which was released on thermal exposure to 315° C or 350° 

C. It was also found that water vapor rapidly reabsorbed on 
cooling. 
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TABLE II. - MONOMERS USED FOR PMR-15 SYNTHESIS 
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TABLE III. - MONOMERS USEO FOR PMR-II SYNTHESIS 


Structure 


Abbreviation 


^ ^C-OH 

Monomethyl ester of 5-norbornene- 
2. 3-dicarboxylic acid 

6 


9 o •? 

^0-C V(| ^ 6 _^-°Me 
HO-C"' v ^ ^‘X-OH 

Dimethyl ester of 3. 3\ 4. 4'-benzophenore 
tetracarboxylic acid 

o 6 

l 

, 

9 CF, 0 

ji ] V ii i 
HO-C v ^CFo\>^C*OH 

" J •• 

0 0 

Dimethyl ester of 4.4'- 
(hexafluoroisopropylidenei- 
bis iphthalic acid) 

| 2 N-A0> CH 2 'f - y-N H 2 

4.4'-Methylenedianiline 
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TABLE IV. - COMPARISON OF THE AMOUNT OF POLYIMIDE FILM WEIGHT LOST PER IICUR 
AT 315° C FOR NINE DIFFERENT TYPES OF POLYIMIDES OF VARIOUS WEIGHTS 


Fi lm 
weight , 
g 


Rate of film weight loss, microgram/hour 


<0.0300 


I PIC-l PIC-2 PIC-3 PIC-4 PIC-5 I PIC-6 I PIC-7 : PMR-15 I PMR-II 

I — ! - | f | 

— i 14 — i 15 — 30 . 


0.0300 to 0.0399 I 18 i 16 

i — I 19 


0.0400 to 0.0499 j 20 j 21 

■ 1 | 

0.5000 to 0.0599 ! — - ~ 


0.0600 to 0.0699 I 42 


0.0700 to 0.799 


0.0800 to 0.0899 


0.0900 to 0.0999 


0. 1000 to 0. 1099 


0.1100 to 0.1199 


0.1200 to 0.1299 


0.1300 to 0.1399 


0.1400 to 0.1299 


>0.1500 


23 16 


23 I 64 ! 15 

























TABLE VI -COMPARISON OF THE PERCENT OK POLYIMIDE FILM WEIGHT LOST PER HOUR 
AT 350° C FOR SEVEN DIFFERENT TYPES OF POLYIMIDES OF VARIOUS WEIGHTS 


K i lm 
wo i g h t 


<0.0300 


0.0300 to 0.0399 


Rate of film weight loss, perccnt/hour 


PIC-1 


PIC-2 


0.27 

0.23 


0.0400 to 0.499 


0.20 


0.0500 to 0.0599 


0.20 


0.0600 to 0.699 0.29 j 

0.29 ! 


0.0700 to 0. 799 


0.0S00 to 0.S99 


0.0900 to 0.0999 


0. 14 


PIC-3 


PIC-4 ! PIC-5 I PIC-6 PIC-7 


0.35 

0.33 


0.17 


0.30 


0.26 


0.37 : 0.28 0.55 


0.23 


0.50 0.09 


0.32 


0.1000 CO 0.1099 


0. 1 100 to 0.1199 0.24 


0. 1200 to 0. 1299 


0 . 12 : 


0. 1 l 


0.24 


0. 1300 to 0. 1299 


0.19 ! — 


0.25 


0.1400 to 0.1499 


S3. 1500 


0.23 


— :o.2o 

— : 0.21 


PMR-15 


PMR-II 


0.036 ! 0. 12 ■ — 
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TABLE VI !• - COMPARISON OF THE AMOUNT OF POLYIMIDE FILM WEIGHT LOST PER HOUR 
AT 350° C FOR SEVEN DIFFERENT TYPES OF POLYIMIDES OF VARIOUS WEIGHTS 


Film 
weight , 


Kate of film weight loss, microgram/hoiii' 

PIC-1 1 PIC-2 I pic-3 I pic-4 I PIC-5 I pic-b pic-7 ! PMR-^ 1 vm-TL 


0.0300 


0.0300 to 0.0399 


0.400 to 0.0499 


0.0 S00 to 0.0399 


0.0600 to 0. 0o99 


0.0700 to 0.0799 


0.0SU0 to 0.0S99 


100 160 


1 400 


0.0900 to 0.0999 


K)0 to 0. 1099 


0. I 100 t o. I 199 


. r.VOO o. 1.299 


0.1300 to 0.1399 


44 S « 138 


326 | 


MM.:'* 









































TAUI.K IX. 


- KXIHSUKK TIMKS AT 31 5<’ C WIIKN CRACKING AND SPALLINC 
OK POLYIMIDK FILMS WAS OlISliRVKl) TO OCCUR 


Type of 
poly imide 

i 

Weight 
of film, 
8 

Total 
exposure 
time , 
hr 

PIC-l 

0. 1272 
.0946 
.0640 
.0400 
.0337 

523 

447 

523 

523 

523 

PIC-2 

0.0900 

766 


) .0684 

766 


| .0834 

766 


1 .0782 

530 


Time when 
cracks observed, 
hr 


214 

334 

523 

523 

none 


PIC-7 


.0729 

.0400 

.0361 

.0300 

.0294 


766 

501 

523 

523 

523 


0.1211 

.0818 

.0711 

.0557 

.0521 

.0507 

.0366 


530 

501 

523 

523 

523 

523 

530 


none 


none 


Time when 
spalling 
observed , 
hr 

447 
447 
none 
none 
none 


none 


PIC-3 

0.0700 
, .0640 

.0528 
.0499 
.0364 

501 i 

523 i 

530 j 

506 i 

523 j 

i 

none 

i 

none 

PIC-4 

0. 1545 
.0862 
.0315 
.0207 

170 i 

526 j 

523 i 

523 | 

1 

100 

214 

115 

none 

170 

334 

334 

none 

P 105 

0.0767 

" 523 i 

none 

none 


. 0696 

530 | 




.0534 

j 523 




.0503 

i 501 j 




.0397 

i 530 ! 

I i 

1 i__ 



PIC -6 

0. 1416 
.1132 
. 0990 
.0940 
.0789 
.0276 

1 144 S 

; 311 ! 

1 214 i 

47 ; 

214 i 

523 

144 

311 

115 

47 

115 

214 

none 

311 

214 

i 47 

: 214 

1 334 

i 


none 



none 


PMR-1I 


J.-J.'LE a. * CAPUSURE TIMES AT u WHEN CRACKING AND SPaliLING 


OF POLYIMIDE FILMS WAS OBSERVED TO OCCUR 


Type of 
poly imide 

Weight 
of film, 
g 

Total 

exposure 

time, 

hr 

Time when 
cracks observed, 
hr 

Time when 
spalling 
observed, 
hr 

-4 

PIC-l 

0.1946 

94 

94 

94 


.1122 

146 

146 

146 

j 

j 

.0529 

184 

184 

184 

1 

l 

I 

.0515 

213 

213 

213 

PIC-2 : 

0. 1237 

TM J 

none 

none 

1 

1 

.0700 

184 

none 


i 

.0510 

184 

none 


i 

i 

.0421 

213 

146 



.0374 

213 

213 



.0330 

100 

none 


PIC-3 

0. 1338 

94 

47 

94 


.0700 

184 

none 

none 


.0645 

184 

none 

none 


.0533 

146 

97 

146 

PIC-4 

0.0868 

94 

47 

94 


.0663 

94 

j 

47 

94 

PIC-5 

0.0568 

184 

184 

none 


.0455 

213 

none 



.0434 

213 




.0407 

100 




.0361 

184 




.0338 

184 



PIC-6 

0. 1301 

48 

24 

48 


.1235 

48 

24 

24 


.1186 

48 

24 

48 


.0800 

20 

20 

20 


.0665 

70 

46 

70 

PIC-7 

0. 1200 

213 

! 213 

| none 


.1000 

94 

| 47 

! 94 


.0764 

184 

| 47 

| 94 


.0346 

213 

i none 

i 

! none 

J 


TABLE XI. - CLASSIFICATION OF THE NINE DIFFERENT TYPES OF POLYIMIDES INTO 
WE IGHTLOSS AND ADHERENCE EQUIVALENCY GROUPS FOR FILMS EXPOSED 
TO 315° C or 350° C FOR LONG TIME DURATIONS. 


Polyimide type 

Weight loss rate 

Adherence 


Group classification * 

PIC-l 

3 

3 

■ 

PIC-2 

2 

1 

PIC-3 

2 

2 

PIC-4 

4 

3 

PIC-5 

2 

1 

PIC -6 

4 

3 

PIC-7 

1 

2 

PMR-15 

5 

! 3 

PMR-II 

2 

2 


*The higher the group number, the worse the results 




Figure I. - Structure of polyfmlde P1C-& 



Figure 2. - Structure af polyimide PIC-7. 
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jg.jre 17. - Polyimide film type PIC-7 weight loss at 350 P C as a func' 
tion of exposure time for four different film weights. 




